The nonlinear dynamical analyses of a dual-rotor system of an aero-engine are investigated with considering local rub-impacts based on rigid-flexible multi-body simulations. The dual-rotor system is set up from a practical aero-engine prototype, which includes an inner shaft (lower-pressure shaft) and an outer shaft (higher-pressure shaft). The two shafts are in internal-external arrangement and connected by six different rolling bearings. Firstly, a rigid-flexible multi-body model of the dual-rotor system with local rub-impacts is established with MSC.Adams. Then, for the rub-impacts happening between the higher-pressure disk and the fixed elastic rod, the rub-impact forces are described as a nonlinear one with piecewise stiffness and a constant friction. At last, the transverse vibrations of the dual-rotor system are simulated. From the obtained frequency spectra and shaft center orbits of given shaft nodes, many of them are composed of multi-frequencies and demonstrate nonlinear motion patterns.
Introduction
For most of the high-performance aero-engines, the common configuration of them is the multi-shaft system such as with dual-rotors. The dual-rotor system includes an inner shaft and an outer shaft. The vibrations of the engines arising from many kinds of exciting sources such as structure, air flow, combustion and so on, affect the machine seriously.
In recent years, intensive work has been conducted on rub-impacts in the rotor systems [1] . For example, based on the Jeffcott rotor system, the complicated vibration phenomena of the rotating shaft were discussed for different cases of rub-impacts thererically and experementally [2, 3, 4] . The typical mathematical model for rub-impact forces was introduced in a form of piecewise-linear stiffness by Beatty [5] . The vibrations of the dual-rotor system with rub-impacts are different from common single-rotor system. In the former research, Yan had made a series of simplification of the dual-rotor system, and took a mass-lumped system to describe the vibration characteristics of a dual-rotor system with rub-impacts [6] . Wang et al established a simplified mechanical model of the dual-rotor system and analyzed the styles of the rub-impact forces [7] . Liu et al built the dynamic equations of the rotor system of the dual-rotor with rub-impacts with applying Lagrange principle, and analyzed the frequency spectra of the simulation results [8] . Gang et al set up a dual-rotor model with transfer function matrices [9] . Meng et al numerically simulated for a complex rotor system with rub-impacts with global transfer coefficient method [10] . Shan et al set up a dynamical model of the rub-impacts with applying ANSYS combining with global transfer coefficient method, to solve the transient responses of the dual-rotor system [11] . He et al established a dynamic model of dual-rotor system with considering of crack fault coupling the squeezing oil-film damper [12] . Luo et al reported the dual-rotor system's steady unbalanced responses with reversely rotating directions [13] .
In this paper, a visual prototyping model of a simplified dual-rotor system is set up with considering the rub-impact happening at a fixed point. The dynamical model is built with the rigid-flexible multi-body system in Msc.Adams software. With is simulation model, the vibrations of the inner rotor and the outer rotor are calculated and compared.
Establishment of model of dual-rotor system with local rub-impacts
The visual prototyping model of a dual-rotor system. In the dynamical analysis of a dual-rotor system, the assumptions are as follows. Within the operating speed scope, the torsional vibrations of the inner shaft and the outer shaft are so small to be ignored. The two shafts are regarded to be flexible. The inner shaft and the outer shaft will rotate respectively at different speeds, without axial movements.
The three-dimensional CAD structures of the inner and the outer rotors are imported into Msc.Adams software. After the corresponding kinematical constraints are applied, the two rotating shafts are converted into flexible bodies. Then the rigid-flexible multi-body virtual prototyping model of the dual-rotor system is established, as shown in Fig 1. (a) A dual-rotor model with constraints (b) Key nodes and bearings of model In the above visual prototyping model, all of the constraints are given as follows: (1) three fixed pairs supporting and connecting with the ground, (2) six fixed pairs connecting the disks with the shafts, (3) three revolute pairs connecting the bearings 1#, 3#, 4#, and (4) six revolute pairs connecting bearings 2#, 5#, 6#. A sliding pair constraint is used to connect the elastic rod for rub-impact with the ground, as well as a contact pair connects the rub-impact rod with the Disk 6. There are four springs on each bearing in the horizontal and vertical direction applied, the stiffness of the bearings are listed in Table 1 .
For the local rub-impact at the given fixed point, the detailed illustration of rub-impact structure and its force relations are shown in Fig 2 (a) and (b), respectively. When the rotating disk of 4 is to touch the fixed elastic bar, there will be elastic impact force and Coulomb friction force applied on the contact point of the disk. These rub-impact forces will affect directly on the vibrations of rotor system. 
(2)
where, r k is the radial stiffness constant, r f is the frictional coefficient on the rub-impact point. The step function of ( )=0 or 1
x Θ , which corresponds to the variable of x less than or greater than 0.
The main parameter values of the dual-rotor model. The parameters of the dual-rotor system and the critical speeds of the inner and outer shafts are listed in Table 1 . For the model discussed here, the mass eccentricities and the parameters of rub-impacts are listed in Table 2 . Table 1 The parameters of the dual-rotor system
Parameters Values
Length of the inner rotor 1600mm
Length of the outer rotor 1000mm
Diameter of the disk 1 to 6 550,500,350,700,800,820mm
Thickness of the disk 1 to 6 20mm
Stiffness of the bearing 1# to 6# 5e7,3e8,1e8,4e7,2e8,1e9N/m The first-order and the second-order critical speeds of the inner rotor 155.9Hz, 222.5Hz
The first-order and the second-order critical speeds of the outer rotor 284.8Hz, 357.2Hz Table 2 The parameters of mass eccentricities and the rub-impacts of the dual 
Simulated results
The simulation conditions are as follows. The rotational speed of the inner shaft is 4800rpm, and the rotational speed of the outer shaft is 12000rpm. The two constant speeds of the revolution driving are imposed on the proposed model in Adams, and they are added on the revolute pairs of the bearing 1# and 4# separately. The following results are the simulated vibrations of the typical observing points along the two rotors. The points A~D are the central nodes on the disks of 1~4, and the points of E, F are on the disk 5 and 6. For the case of local rub-impact happening on the disk 6, i.e. the right disk of outer rotor, some simulated displacements of the above nodes are illustrated in details as follows. Fig 3(a)~(d) . Their corresponding frequency spectra are also shown in the Fig 3. Their corresponding shaft center orbits of Point A~D are shown in Fig 4 (a)~(d) .
Transverse vibrations of the inner rotor. The simulated transverse displacements of the points A, B, C, D of the inner shaft are shown in
The vibrations of the inner rotor are apparently periodical motions with some weak higher frequency contents. These higher harmonics are induced by both the coupling for out rotor and the rub-impact effects. The vibrations of the outer rotor are quite complicated compared with that of the inner rotor. There are multi-frequency contents in the amplitude spectra. The great higher order harmonics are mainly induced by the rub-impacts happening on its disk 6. Besides, its supportings connecting with the inner rotor are also critical reasons for the complicated multi-periodical motions of the outer rotor. The shaft center orbits also demonstrate the typical rub-impact phenomena of the outer rotor. Fig. 6 . Shaft center orbits of Point E and F on the outer rotor Compared with the inner rotor, there are many combinations of harmonics of the vibrations of the outer rotor. In addition, it is shown that there are quite different efforts of rub-impact for the inner rotor and the outer rotor, where the former is weaker and the latter is stronger.
Conclusions
The visual prototyping model of a dual-rotor system with rigid-flexible multi-bodies in Msc.Adams is established in the paper. It is useful in simulating the transverse vibrations of the two shafts with local rub-impacts happening at a fixed point.
Based on the dual-rotor model with rub-impact, the transverse vibrations of the inner rotor and the outer rotor are simulated and discussed. The obtained displacements of typical observing points on the two rotors, together with their frequency spectra and shaft center orbits, show that there are mainly single-periodical vibrations of the inner rotor. Meanwhile, the complicated vibrations of the outer rotor with multi-periodical contents are mainly caused by both rub-impacts and couplings of the inner rotor. There are also some combinations of different frequency contents coming from the two rotors.
